Introduction
TFII-I is a unique transcription factor since it can function both as a basal factor and as an activator (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Consistent with these functional activities, it has been shown to bind a core promoter element, Inr, and various upstream elements apparently through distinct DNA binding domains (1, 4, (6) (7) (8) (9) (10) (11) . The primary structure of TFII-I is compatible with its multifunctional properties-consisting of six direct reiterated I-repeats, R1-R6, each containing a putative helix-loop-helix motif, HLH, but only one basic region preceding R2 (4, 9) . The latter, by analogy with more conventional HLH proteins, was postulated to constitute a DNA binding domain (12, 13) . The I-repeats, by virtue of having the potential HLH motifs, are conjectured to present protein-protein interaction surfaces (4, 9, 12) . More recently, it has been shown that there are altogether four alternatively spliced isoforms of TFII-I (8) . Each isoform contains all the repeats and the basic region and exhibits both homomeric and heteromeric interactions with themselves that lead to their preferential nuclear localization (8) . Although each isoform individually bound to DNA and activated transcription both from the Vβ and c-fos promoters, particular combination of isoforms differentially regulated the two promoters (8) . We and others have also shown that a variety of extracellular signals mediating through cell surface receptors, including growth factor receptors, lead to enhanced tyrosine phosphorylation and increased transcriptional activity of TFII-I (14) (15) (16) . Given these unusual structural and functional features, it is important to determine the regions/domains in TFII-I that is/are responsible for its DNA binding properties and the role of the I-repeats in mediating protein-protein interactions. The PCR amplified product was gel isolated, digested with Bam H1 and Not1 and ligated with pEBG vector.
All the mutant constructs were confirmed by DNA sequencing.
Eukaryotic Expression and Purification of wild type and mutant TFII-I. COS7 cells were transfected with 7.5 µg of expression plasmids of either wild type TFII-I∆ isoform (pEBGII-I) or its various mutants (pEBG∆N90II-I, pEBG∆BR), and the recombinant proteins were isolated as described (6, 8) .
Western blot analysis The protein samples were separated by 10% SDS-PAGE, transferred onto nitrocellulose membrane by semi-dry blotting method, and processed as described (8) . The primary antibodies were used as follows: anti-TFII-I, 1:2,500; anti-GST (Sigma, Missouri), 1:3000 and anti-GFP (Clontech, California) 1:300. Either the secondary anti-rabbit (Zymed, California, 1:8000 dilution) or anti-mouse (Roche Molecular Biochemicals, Indiana, 1:4000 dilution) horseradish peroxidase-linked antibodies were incubated in TBS containing 0.05% Tween-20. All Western blots were developed by enhanced chemiluminescence (Renaissance, NEN).
Electrophoretic mobility shift analysis (EMSA)
The EMSA reactions in Figure 1 was performed with either an Inr probe derived from the Vβ promoter (17) or with a probe derived from upstream sequences of the c-fos promoter (10) . The EMSA was performed as described (8) .
GST pull down assay Whole cell extracts (200 µg) from COS7 cells, co-transfected with GFP-tagged wild type TFII-I (either ∆ or β isoforms) and either GST-tagged wild type TFII-I or the GST-tagged mutants, were subjected to GST pull down as described (8) .
The precipitated proteins were separated by 10% SDS-PAGE, Western blotted, and probed with an anti-GFP antibody (Clontech, California). The blots were stripped to remove the anti-GFP immune complex (17) and reprobed with anti-GST antibody (Sigma, Missouri).
Transient transfection and Indirect
Immunofluorescence COS7 cells were transfected with either the GST construct alone or the GST-tagged wild type TFII-I or its mutants as described (8) . After 30 h post-transfection, cells were fixed with 4% paraformaldehyde and prepared for indirect immunofluorescence (8) . For immunodetection, monoclonal anti-GST antibody (Sigma, Missouri) was used as a primary antibody at a dilution of 1:4000, and Alexa TM 594 goat anti mouse IgG (H+L) (Molecular Probes) as a secondary antibody at a dilution of 1:30,000. Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) dye (Sigma, Missouri). Immunofluorescence was detected using a fluorescent microscope (Nikon, E400) with 100X objective.
Reporter Assays Transient transfection and luciferase reporter assays were done as described (6, 8) . Each experiment was done in triplicate and repeated twice.
Results

Multiple interdependent DNA binding regions in TFII-I
Based on its multiple DNA sequence element recognition properties and indirect competition experiments it was postulated that TFII-I might have more than one distinct DNA binding domains/regions (1) . In order to gain insight into its DNA binding regions/domains, we generated several mutants of TFII-I and tested their ability to bind to the Vβ derived Inr and the c-fos derived upstream sequence elements. Of particular interest to us were two mutants. The first mutant (∆N90) was created such that the entire amino terminal end (data not shown). Although the amount of ∆N90 used for EMSA was slightly less than the wild type TFII-I, increasing it even two-fold did not produce any appreciable DNA binding (data not shown). That the lack of appreciable DNA binding capability of the these mutants is due to specific and not general mutation in TFII-I is proven by the fact that the p70 mutant exhibits greater than wild type levels of DNA binding activity (6) .
Hence, we conclude that both the N-terminal 90 amino acids and the basic region are required for DNA binding and, although they may constitute separate DNA binding regions/domains, neither one alone is sufficient to mediate DNA binding.
Transcriptional properties of the mutants
We next tested the transcriptional properties of the mutants as compared to the wild type protein on both the Vβ and c-fos
promoters. For this assay we chose an additional mutant (p70) in which the C-terminal 222 amino acids, containing an activation domain, is deleted (6) . While the wild type TFII-I stimulated the Vβ promoter three-fold, none of the mutants gave any significant transcriptional stimulation and the transcriptional activity of ∆BR and p70 mutants were similar to or below the basal levels ( Figure 2A ). ∆N90 failed to give any significant stimulation. Like the Vβ promoter, both the wild type and the ∆BR and p70 mutants behave similarly with the c-fos promoter ( Figure 2B ). While the transcriptional activities of ∆BR and p70 mutants were similar to or below the basal levels, the ∆N90 mutant failed to produce any significant transcriptional activation ( Figure 2B ). From these experiments we conclude that both the DNA binding domains and the C-terminal activation domain of TFII-I are necessary for its transcriptional activation either as a basal factor or as an activator. Control Western blot analysis from these experiments (lower panels) showed that the expression levels and integrity of the mutants were comparable to that of the wild type and thus, the differences in the functional activities
were not due to alteration in protein levels.
Nuclear localization of the wild type and mutant forms of TFII-I
It could be argued that the lack of transcriptional activity of the TFII-I mutants is due to lack of their proper nuclear localization. This is particularly relevant for the ∆BR mutant since a classical nuclear localization signal (NLS) is rich in basic amino acids (18) and thus, the basic region might constitute an NLS or contribute to the proper localization of TFII-I.
However, like the wild type TFII-I, all of the mutants (∆N90, ∆BR and p70) preferentially localized to the nucleus when ectopically expressed in COS7 cell ( Figure   3 ). Therefore, none of the mutations impaired the nuclear localization signal of TFII-I and the lack of the transcriptional function is indeed due to lack of either the DNA binding or the transcriptional activation domains.
Regions necessary for homomerization TFII-I has four alternatively spliced isoforms that can undergo both homo-and heteromerization with each other (8) .
Furthermore, either homo-or heteromerization of isoforms facilitates nuclear translocation. Given the fact that ∆N90, ∆BR and p70 mutants readily translocate to the nucleus, we anticipated that all of them would exhibit homo-and perhaps heteromerization capabilities. Furthermore, because of the presence of a putative leucine zipper (LZ) toward the N-terminal end (amino acids 23 to 44) of TFII-I that is conserved in all human isoforms and in mouse TFII-I (19, 20) , we reasoned that it might be involved in either homo-and/or heteromerization. To test this idea and to further identify other potential interaction domains, we constructed a series of deletion mutants (as GST-fusion proteins) and analyzed their homo-and heteromerization potentials. All the mutants are schematically shown in Figure 4 . In ∆N20, the first 20 amino acids from the N-terminal end, including the first acidic cluster, is removed but the putative LZ remains intact (4).
∆N90 is described above. In ∆linker, part of the linker region between R1 and R2 (amino acid 232 to 252) is removed but the LZ remains intact. This is a particularly interesting mutant since this deletion creates a shorter version of TFII-I that is naturally absent in humans but present in mice (20) . Therefore, we wanted to test whether such a mutant/isoform can have homomeric and heteromeric interactions. The p46 is a deletion mutant that contains only the first 428 amino acids from the N-terminal end (containing only repeats 1 and 2) and when expressed, migrates as a 46 kD protein. The p70 mutant, containing the first four repeats, has been described before (6, see also Figure 4 ).
Either the GFP-tagged ∆-( Figure 5A ) or the β-isoforms ( Figure 5B ) were used as baits to determine homo-and heteromeric interactions in GST-pull down assays. These proteins were co-ectopically expressed in COS cells with either the GST-tagged wild type ∆ or β isoforms or with various mutants derived from the ∆ isoform. GST protein (GST) was used as a negative control (shown only with the ∆ isoform, Figure 5A , lane1). The GST pull down precipitates were analyzed by Western blot first by an anti-GFP antibody (top panels) and after stripping, by an anti-GST antibody (middle panels). The bottom panel shows the quantity of GFP tagged TFII-I proteins expressed in whole extracts.
Except for ∆N90 (lane 3), all other mutants interact with the ∆-isoform ( Figure 5A , top panel). The lack of interaction of the ∆-isoform with ∆N90 is not due to lack of protein expression since the GFP-tagged ∆-isoform is expressed comparably in all lanes (bottom panel). This is contrary to our expectations, since ∆N90 readily translocate to the nucleus Once again, the expression of the GFP-β isoform was comparable in all lanes (bottom panel). Thus, the first 90 amino acids appear to be important for homomerization of the ∆-isoform but not for its heteromerization with the β-isoform. Moreover, the first 428 amino acids (as in p46) contain information that is sufficient to mediate both homo-and heteromerization. The ∆linker mutation had no significant effects in interaction with either isoforms suggesting that this form of TFII-I, although only naturally present in mice, can have both homo-and heteromeric interactions.
The role of the I-repeats 1 and 2
The lack of homomeric interaction of ∆N90, despite its nuclear localization, can be reconciled if ∆N90 interacts with itself but not with the wild type ∆-isoform. We further hypothesized that such potential interactions between ∆N90 could be mediated by the I-repeats. In order to test whether the two molecules of ∆N90 interact with each other, and whether the first two I-repeats (as in p46) were necessary and sufficient to mediate such interactions, we employed GFP-tagged ∆N90 as a bait. GFP-∆N90 was ectopically co-expressed with either GST-tagged ∆N90 or with GST-tagged R1 or GST-tagged R2 and GST-pull down assay was performed. Western blot analysis with an anti-GFP antibody showed that GFP-∆N90 was brought down by GST-∆N90 suggesting that ∆N90 interacts with itself ( Figure 6 , top panel, lane 1). In addition, both R1 and R2 were also capable of interacting with ∆N90 although to a much lesser extent than the ∆N90 itself ( Figure 6, top panel, lanes 2 and 3) . The blot was stripped and reprobed with an anti-GST antibody to show comparable amounts of GST-∆N90 (lane1, second panel), GST-R1 and GST-R2 (lanes 2 and 3, third panel) were precipitated in the pull down. The bottom panel is a Western blot showing comparable amounts of GFP-∆N90 expression in each extract. We emphasize that the interactions of R1 and R2 with ∆N90 are weak and it is likely that both R1 and R2 are necessary for a robust and physiological interaction. It is also possible that these repeats fail to reach the nucleus (note that they lack the NLS). Together, these results indicate that although the I-repeats can mediate homomeric interactions, in the context of the full length TFII-I, the amino terminal 90 amino acids are also required for such interactions.
Discussion
Since the initial discovery of TFII-I as an Initiator binding protein nine years ago Given the lack of DNA binding ability of the ∆BR and ∆N90 mutants, it is not surprising that they fail to activate the TFII-I dependent reporters. Together with the p70 mutant that exhibits DNA binding but lacks an activation domain (6), it is also not surprising that the ∆BR mutant that lacks DNA binding activity did not exhibit any significant transcriptional activity. Hence, proper transcriptional function of TFII-I requires both its DNA binding capabilities and its transcriptional activation domain. In this regard, it behaves like a classical transcription factor with an N-terminal DNA binding domain and a separable C-terminal activation domain.
Although the nuclear translocation of the mutants was normal, the lack of homomeric interactions of the ∆N90 mutant with the wild type TFII-I∆ isoform was puzzling at first glance. This is largely because we have previously shown that homomeric or heteromeric interactions lead to preferential nuclear occupancy (8) . We argued that although ∆N90 failed to interact with the wild type ∆ isoform, it could interact with itself leading to nuclear localization. Interaction studies revealed that indeed ∆N90 interacts with by guest on 
